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Local characterization of transmission properties of a two-dimensional photonic crystal
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We use a near-field scanning optical microscope to study optical transmission through a two-dimensional
triangular photonic crystal. Spatial variations in the intensity of light coupled through the sample depend on the
photon energy and the numerical aperture of the collection optics. We discuss the relationship between the
observed dependence and the local structure of the optical modes in the crystal. Features in the data arising
from modes with Fourier components inside and outside the first Brillouin zone can be distinguished by this
technique[S0163-1827)09816-0

With the invention of photonic devices, the ability to fre-  For a photonic device to be useful at optical frequencies,
guency select and direct light on microscopic length scales igs lattice spacing must be of the same order as the optical
rapidly becoming a reality. One device that has recently atwavelength(\). Measuring optical properties within a unit
tracted much interest is a periodic dielectric structure called aell therefore requires resolution higher than that provided
photonic crystal. Spatial periodicity in this device leads, for by conventional, far-field, diffraction-limited techniques. In
instance, to coupling of the electromagnetic field modes ohear-field scanning optical microscofslso NSOM, optical
neighboring dielectric waveguides. This results in a non+esolution can be better thax/10? limited not by N but
trivial dispersion relation between the energy and wave vecrather by the size of the subwavelength aperture used as a
tor of the allowed modes, i.e., a photonic band structureprobe. In the study of photonic materials, NSOM has been
Photonic crystals can be designed to transmit or reflect lightsed to measure the local mode structure of optical
in a specific range of frequenciésind their properties are Waveguides with a single or a few propagating matieere
tunable by, for example, modification of their periodicity or We study a photonic crystal with many propagating modes.
index of refraction. Defect structures could be designed td he localized NSOM light contains photons with many
introduce impurity bands not only in selected energy rangedransverse momenta, and so enables us to probe modes with
but also in spatial positions. The first demonstration of banddifferent crystal momenta in the photonic crystals. By chang-

structure effects in photonic crystals was in the mm-wavednd the solid angle of the collection optics, we are able to
regime? Since this proof of principle, much research effort examine modets Wf'tth tdllfferent crys'ga]r?omeﬁiital and. Ftpu-
has concentrated on making structures for visible and neafi€’ components of tota momentq).” The spatial variations
infrared light! Recently, photonic band-structure effects in In the intensity Of light coupled through th'e. crystal are mea-
the near-infréred and \}isible have been measuiedwo- sured as a function of NSOM probe position, and the rela-

di ional(2D) photoni tal de f h Itionship between these data and the local electromagnetic
imensiona p40 onic crystals made rom nanochannel e structure in the 2D crystal is discussed.
glass(NCG) arrays:.

. . . The sample studied in this experiment is a NCG array
Photonic crystals have been studied by measuring bullg,sqe of two glasses with similar indices of refraction. De-

optical properties such as attenuation and transmission, andijs of the fabrication procedure are given in Ref. 4. The
band-structure calculations have been used to model and prgrray is a 2D triangular lattice of one glagshannel glass

dict these propertiesA more detailed understanding can be empedded in another glagwatrix glass. The channel glass
obtained by studying the microscopic properties such as thg cylindrical, approximately 745 nm in diametédr), with
local density of photon states and electromagnetic modgenter-to-center nearest-neighbor separatiah of 1.07
structure. Here we demonstrate the use of a transmission-0.05 um, giving a/r =2.87. The index of refraction of the
mode near-field scanning optical microscofSOM) to  matrix glass is 1.66, and that of the channel glass is 0.2% to
measure directly the spatial variations of light coupled1.2% higher throughout the visible rang@he thickness of
through the sample. The resulting optical intensity distribu-the sample is about 25@m. Figure 1 shows a topographic
tions depend in part on the local mode structure in the phoimage taken with a scanning force microscope. The channel
tonic crystal. glass is depressed slightly, by 3:8.5 nm, because it is
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FIG. 1. Topographic image of the NCG sample taken with a —:l}—:ﬂ—> Fiber coupler
P M2

scanning force microscope. The image size 20 um? The
depressions are 3.5 nm, and are centered on the channel glass.
The inset shows a two-dimensional Fourier transform of x&D

> > FIG. 2. Schematic of the transmission-mode near-field scanning
um< topographic image.

optical microscope used in this experimeRt: polarizer;\/2, half-
wave plate; BP, bandpass filter; and PMT, photomultiplier tube.
preferentially etched during a polishing process. In this paThe fiber paddles are used to adjust the polarization of the NSOM
per, theXY plane is the 2D lattice plane, and tEecoordi-  light.
nate is perpendicular to this plane, i.e., along the axis of the
channel glass cylinders. Th¥ direction is defined to be NCG lattice. The experiment was performed using two dif-
parallel to a close-packed direction in the 2D triangular lat-ferent wavelengths of lighti=670 nm, from a diode laser;
tice, and theY direction is perpendicular tX, i.e., in the =~ andA=488 nm, from an argon laser. The polarization of the
other high-symmetry directiofsee Fig. 1 The reciprocal NSOM light can also be controlled and vari€d.
lattice of a 2D triangular lattice is also triangular with a 30°  Periodicity of the NCG permits a description of photonic
rotation. The inset in Fig. 1 is a Fourier transform of a larger-states in a band-structure picture, whereinXhandY crys-
scale(60X60 um?) topographic image. The=0 and first-  tal momentum componenfk= (ky ky)Jare defined in the
order reciprocal-lattice points are most prominent, andirst Brillouin zone(BZ) for each modéin the reduced-zone
higher-order points are also evident. The sharpness of the§g€heme Because the index contrast is small, modes are
spots indicates that the lattice is well ordered. modified only weakly from single plane waves, except near
A schematic of the experimental setup is shown in Fig. 2Bragg planes? Photonic band-structure effects have been
The subwavelength light source is fabricated by tapering an@bserved for propagation in théY plane®*® For propaga-
metal coating a single-mode optical fiber so that a smalfion alongZ (this work), such effects are identified, e.g., by
(down to 60 nm aperture remains at the end. An image is€nhanced field strengths observed at channel-glass centers
generated as the sample is scanned above the tip of the fib@ the lowest-order modes near the zone center. For a given
(NSOM “probe” or “tip” ). Contrast in the image is the crystal momentum, there will be several propagating modes,
result of changes in the optical intensity detected by the phoeach with a different set of Fourier components in various
tomultiplier tube when the tip is at different positions underBZ’s. The lowest-order mode has its dominant component in
the sample. Because the angular distribution of light leavinghe first BZ. The small transverse spatial extent of the NSOM
the sample will vary as the sample is moved relative to thdight source corresponds to a wide range of transverse mo-
tip, the images generated will depend on the collection solidnenta. For a given position of the NSOM probe, NCG
angle of the objective. An important parameter in this studymodes with the largest amplitude at that position should be
is the numerical aperturéNA) of the collection optics, Mmost strongly excited. The NA of the collection optics deter-
which is varied between 0.28 and §.7. mines which Fourier components of these modes will be
A feedback mechanism is employed to actively maintainPresent in the signal. The maximum collecfgfis given by
the tip at a constant separation from the sample surface in tié&(NA)/N. In this experiment, the reciprocal-lattice distance
near field. Nonoptical detection of changes in the sheabetween the zone cent@r) and the first BZ boundargX) of
force'® is used for this purpose. Topographic and opticalthis 2D photonic lattice is 3.3910°° nm~%1* For 670-nm
transmission images are acquired simultaneously, allowing bght, the lowest NA objective selectively collects photons
correlation between optical features and positions in thevith Fourier components inside the first BZ only. For
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FIG. 4. (a) and (b) Optical intensity change as a function of
position in bothX (@) andY (OJ) directions. Line cuts foh=670
FIG. 3. NSOM images of the NCG array@—(c) were taken  nm data, taken from Fig.(8), are shown ir(a), and similar line cuts
with a A=670 nm diode laser, angl)—(f) were taken with a blue for A\=488 nm data, taken from Fig(®, are shown inb).
light argon lase(A=488 nm). The collection objective NA ira)
and(d) was 0.28 that ir(b) and(d) was 0.55, and that ifc) and(f) . L
was 0.70. The full gray scales represent optical contidsinge in zone, i.e., principally the lowest-order modéer k away

; : . ; : N o o o, from the BZ edgg
gg;:sgg ig:,]/i“fg:p?ét?:;;ag_'?ft; NSibf 53%, 38%, 28%, 54%. As the NA is increased, the overall signal level also in-
creases, as would be expected from a larger collection solid
488-nm light, the lowest NA objective collects photons with angle. However, the additional signal is not spatially uni-
Fourier components inside and just beyond the first'BZ. form. At higher NA, modes with larger components in higher
Therefore the signal for the lowest NA is primarily sensitive BZ's contribute to the signal. This includes modes whose
to lowest-order modes. Data taken with higher NA detectmaxima occur between lattice sites, so the signal will be
total momenta farther outside the first BZso these data relatively larger when the probe is located at these maxima.
contain information on higher-order modes. The specific spatial distribution depends on wavelength. For

Figure 3 shows NSOM images takenXat670 nm(left ~ A=670 nm, the bright spots, which are centered on the chan-
column and A=488 nm (right column. Each row corre- nels, are larger and display a constant intensilat top
sponds to data taken with a different NA collection objec-across the channel diame{&igs. 3b) and 3c)]. ForA=488
tive. The bright spots and ring structures are centered overm, the signal from channel edges exceeds the signal at
the depressions that correspond to the center of the channgtannel centers; Figurese® and 3f) show dark spots near
glass in the topographic imagéThe NSOM images depend channel center&ing shapg
on both the wavelength of light and the objective NA. All  Figure 4a shows line cuts in botiX (close packedand
data discussed here were taken with NSOM light that is priY directions for thex=670 nm data taken with a 0.28 NA
marily linearly polarized alongX. Images taken with objective. Line cuts foh=488 nm data taken under the same
Y-polarized light are qualitatively similar. The signal at the condition are shown in Fig.(#). The transmitted intensity
channel glass centeflabeleda in Fig. 3(a)] is brighter than  drops when the tip is between two channels and is lowest at
at the threefold symmetri¢B) and bridge(y) sites. In all  the threefold-symmetric sites. The transmitted intensity at
images, the intensity is lowest gtand is intermediate a.  the bridge sites is enhanced for the 488-nm ligtg. 4(b)]

In the lowest NA image$Figs. 3a) and 3d)], the trans- compared to 670-nm lighiFig. 4@]. The ratios between
mitted intensity is highest when the tip is directly beneath themeasured intensities at channel centers and the threefold sites
center of the channel glass, independent of wavelength. Bexre 1.6@-0.10 and 1.580.1028 and those between bridges
cause the low-NA objective collects light with total momentaand threefold sites are 1.4®.04 and 1.180.042° for
predominantly inside the first BZ, the images reflect the spax=670 and 488 nm, respectively. We note that the observed
tial variations of modes with significant components in thislarge contrast between the channel centers and three-fold
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1.34 and 1.43 fon=670 and 488 nm, respectively, smaller
than the experimentally observed contrasts.

Our NSOM results are a measurement of the transmission
properties of the tip-sample system, rather than a direct mea-
surement of the local-energy density. Therefore a more com-
plete model of the transmission process is necessary to ex-
tract specific information about the local-mode structure of
the crystal. Recently, we began detailed calculations to
model directly the images observed here. In our
calculations’! the tip field is described by the Bethe-
Bouwkamp modef? Fields inside the NCG are described by
the propagating and evanescent bulk modes of that system.
0.8 . . . . : Coupling between the tip field and the bulk modes and be-
tween the bulk modes and the transmitted field is determined

1.3

12+t

11}
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09

Energy Density (arbitrary units)

0 138 (b) R ‘ ' by satisfying the Maxwell boundary conditions. The flux
g across the plane of the collection optics is determined from
>12¢ 1 the transmitted field. With this model we can determine
£ which optical modes of the bulk NCG are excited by the
AN . localized probe field. Preliminary calculations of the small
> NA images produce line cuts qualitatively similar to those in
3 40! ] Figs. 4 and 5.

a Experimental results taken with higher NA objectives
B ool e - 1 show two significant differences from the low-NA data.
:c_l’ A hEtd First, overall contrast is reduced as a function of increasing
08 , , , . , NA (Fig. 3). Second, channel centers are no longer brighter
-15 10 -05 00 05 10 15 than channel edges. Preliminary calculations for large NA
Position (um) images suggest qualitatively similar results. The overall con-

trast in the calculated images is reduced as NA is increased.
Significant structure appears in the large NA line cuts that is
not present at low NA. At large NA, Fourier components in
higher Brillouin zones are sampled. We attribute the addi-
tional structure in the images to the local structure of higher-
sites corresponds to an index difference of about 1%. order modes that contain these Fourier components. In the
In this study, we find that images taken with NSOM ap- calculation, this additional structure is sensitive to index con-

erture diameters between approximately 60 and 190 nm didfast, polarization, BZ sampling, and BZ integration. We are
play no obvious differences in contrast or resolution. This iscurrently completing detailed calculations to identify the

not surprising, since the sharpest optical edge observagodes that determine the structure in the large NA images.
experimentally® was approximately 17832 nm, even with We have demonstrated the sensitivity of our transmission
the smallest diameter tips. The highest Fourier component dfSOM data to changes in optical photon energy as well as to
the optical modes which is accessible with the 0.7 NA ob-changes in the NA of the collection optics. NSOM data are
jective corresponds to a length scale of 700 nm. That we segXPected to vary with the wavelength of the probe light be-

smaller structures indicates that the near-field measuremeffiuse the dielectric properties of sample depend on wave-
is sensitive to local changes in optical intensity, with a reso/€ngth. However, it is often not appreciated that contrast can

lution beyond the diffraction limit. That the smallest struc- change with collection angléer NA). Here we demonstrate
ture in this study is 170 nm indicates that this techniquethat contrast changes dramatically when different regions in
should continue to work for crystals with smaller lattice Photon momentum space are probed. As the NA of collec-
spacing. tion is increased, the data include contributions from succes-
As mentioned above. for the lowest NA. the data will be Sively higher order modes of the crystal. Calculations of the
most sensitive to the lowest-order mode at dagway from  local-energy density of the lowest-ordér=0) propagating
the BZ edge. In particular, this data should have a significanf?de in the photonic crystal and of images as a function of
contribution from the lowest-order propagating mode atNA support this interpretation. thure theoretical work will
k=0. Figures %a) and 5b) are solutions of Maxwell's equa- Provide a more complete analysis that should enable us to
tions for the spatial variations in energy density of this modeextract detailed information about the mode structure and
at the two wavelengths used. The calculations were polarideCal dielectric constant of the material that otherwise have

tion averaged and for a crystal with lattice spacing of 1.0710t been measured.

pum, alr =2.87, Nparix=1.66, andpanne= 1.68. The calcu- We thank E. A. Bolden for sample preparation, M. H.
lations show that the lowest-order-mode energy density aBGray for characterization of NSOM apertures, and P.S. Juli-
k=0 is highest in the channel centers, and lowest, but noénne for helpful discussions. E.B. McD. acknowledges finan-
zero, in the threefold sites. Moreover, the bridge to threefolctial support from the ONR and J.W.P.H. from Sloan Re-
intensity ratio is slightly higher for the shorter wavelength, search. Work done at the University of Virginia was
as in the experimental data. However, the calculated intensupported by the NSF, and that at NRL was supported by
sity ratios between channel centers and threefold sites alBARPA and ONR.

FIG. 5. (a) and(b) Calculations of spatial variations in the low-
est mode energy densities in both(solid line) andY (dashed ling
directions are shown ifa) for A=670 nm andb) for \=488 nm.
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as the channel diameter is single mode for such a small index
contrast. “Modes” in the text refer to those of the photonic
crystal, not of single waveguides.
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